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ABSTRACT 

We show that late-time (T, 5 1 eV) cosmic vacuum phase transitions involving 

majoron-like models of the weak interaction could give rise to spatial inhomogeneities 

in the distribution of neutrinos. These density perturbations would be born in the non- 

linear regime and could have masses in the range of lo2 &-10’s Ma. If the fluctuations 

are shells, as expected, and there is gravitational modification of the original phase tran- 

sition nucleation scale then the upper limit on their masses could be considerably larger 

(% 10’s Ma), possibly encompassing the largest structures in the universe. The motivation 

for this work stems, in part, from recent speculations on massive neutrinos as the dark 

matter and the possibility that future experiments (i.e. solar neutrino experiments ) may 

suggest new, low-energy scale, weak interaction phenomena, like neutrino flavor-mixing. 
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I. Introduction 

Recent studies have explored how late-time (after photon decoupling) phase transitions 

may account for some aspects of large scale structure formation in the universe’V2V3. These 

models represent an alteranative to the standard picture. The standard galaxy formation 

ideas involving gaussian primordial fluctuations from the end of the inflation epoch with 

some variety of cold dark matter may have difficulty reconciling the existence of highly 

evolved structures at redshifts .r 2 4.5 and the existence of ubiquitous large structures such 

as the “great wall ” or large scale velocity flows with the high degree of isotropy observed 

in the cosmic microwave background radiation’. Although the current data is not yet 

unequivocal in this regard it is worth while to explore alternatives to this standard picture. 

An alternative model is to have the generation of fluctuations occur after recombination. 

Such late phase transition models can usually circumvent background radiation anisotropy 

bounds, and may even explain the largest observed structures in the universe, such as the 

possible “bubbles n associated with the recently reported ( though as yet unconfirmed ) 

redshift quasi-periodicity5*‘. In this paper we p oint out how some weak interaction models 

might yield late phase transitions which produce nonlinear fluctuations directly at, late 

times. 

II. Nonstandard Weak Interactions 

The triplet majoron model’ for the weak interaction has the interesting property that 

neutrino-neutrino scattering cross sections can be very much larger than in the standard 

model. Ftaffelt and Silks have discussed how the large neutrino scattering cross sections, 

and concomitant short mean free paths, in such a model might allow light neutrinos in 
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the early universe to mimick cold dark matter. We now know, however, from the recent 

Z” width experimentss that the triplet version of the majoron model must be incorrect. 

The triplet of Higgs fields inherent in this model gives a coupling to the Z” that counts as 

8/7 of a neutrino species and since the experimental result is that the equivalent number 

of neutrinos’ in the Z” decay is NY = 2.98 f 0.06 ( in close correspondence to the known 

number of neutrino families), we must rule out the specific couplings in this model. The 

same conclusion would apply to any model of the weak interaction in which neutrinos and 

the intermediate bosons couple to light scalars. The singlet majoron model is not ruled out 

by these experiments, but this model lacks the enhanced neutrino-neutrino scattering cross 

sections of the triplet model. Nevertheless there are suggestions of weak interaction models 

which might retain some aspects of the triplet majoron model (especially the enhanced VU- 

interactions) yet evade direct coupling to the Z ‘. These models avoid strong Z” couplings 

by invoking right-handed neutrinos”. 

Since the triplet majoron model has the essential points of weak interaction physics 

we wish to explore, and is particularly simple to calculate with, in what follows we will 

sometimes refer to it for illustrative or demonstration purposes. However, our arguments 

merely presume the existence of massive neutrinos and some extra vv-coupling consistent 

with known constra$.ts”~‘*. Only in this regard will we assume that the actual weak 

interaction shares some general properties of the triplet majoron model. 

We require that neutrinos have zero mass at high temperatures and acquire masses 

when the temperature drops through a critical temperature ‘Yf,. This might be engineered 

in a manner similar to the majoron models by invoking a symmetry breaking transition. In 
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these models a U(1) charge symmetry associated with lepton number or family symmetry 

is spontaneously broken at low temperature. The masses of neutrinos are related to the 

vacuum expectation value of the part of the Higgs field (< V >) corresponding to lepton 

number or family symmetry by 

my; = gij < V >f (1) 

where i runs over e, p, and r, and g;i is a small number characterising the strength of 

the coupling. In the case of electron neutrinos in the triplet majoron model, laboratory 

double beta decay and supernova considerations yield an upper limit get 5 IO-’ r2J3. 

The coupling constants for the other neutrinos are not known but must be gii 5 1 in this 

model. Any model of the weak interaction which builds in a nonstandard vv-interaction 

strength must not exceed the experimental bounds on these properties”J2J3. 

We will assume that there is a first order phase transition associated with whatever 

mechanism generates neutrino mass and extra interactions. In this case the stable, low 

temperature, or broken phase nucleates via thermal perturbations or quantum tunneling 

in the manner described by Coleman’4J5J6. Bubbl es of the broken phase nucleated ins this 

manner expand until they coalesce. In the unbroken phase the decoupled neutrinos are 

massless and free-stream to the horizon; whereas, in the broken phase the neutrinos may 

form a tightly coupled fluid, with short mean free paths, though they remain decoupled 

from the rest of the matter and radiation since they only interact weakly with these 

particles. In the triplet majoron model vv-scattering can be mediated by the Nambu- 

Goldstone boson associated with the U(1) symmetry breaking (the “majoron “). The 
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vv-scattering cross section in this case is roughly 

ux &T-2 x (2.5 x 10-32cm2)(~)4(-$)-2, (2) 

where g is one of the gii. This cross section can be large enough that the neutrino mean 

free path would be very short compared to the nucleation scale of the phase transition. In 

the broken phase the neutrinos will be equilibrated among themselves when T, N 1 eV, and 

one expects the neutrinos to feed into the lightest species s, because in the triplet majoron 

model lepton number is not conserved in vv-interactions. Lepton number violation is, of 

course, specific to the majoron model. In the triplet majoron model the lightest particle 

would probably be majoron particle itself. For temperatures T, 5 1 eV the neutrinos may 

not come into equilibrium, given bounds on extra or “secret ” neutrino interactions”~‘2,13, 

though the mean free paths in the broken phase may still be small compared to the horizon. 

In the triplet majoron model the mean free path for neutrinos in the broken phase is 

approximately 

x x (7x7)-’ x 16n2g-4T-1 = (3 x IO”C~)(--+)-~(~)-~, ,(3a) 

where we assume that the number of target neutrinos and “majorons ” is very roughly 

n = T3. The diffusion length in some fraction of a Hubble time, 6H-‘, is then 

We note that the Hubble time at this epoch is of order H-’ x rr~,lT-~, where mpl is the 

Planck mass, even though we are close to the matter dominated epoch if T x 1 eV. 
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The ratio of the diffusion length in time 6H-* to the free streaming length ( 6H-’ ) 

is 

where the last equality is only for the triplet majoron model. We will assume that the 

actual weak interaction has roughly this order of strength for vv-scattering. 

III. Late Phase Transitions and Phase Separation 

A first order phase transition associated with the change in neutrino properties is 

required in order that phase separation takes place. Hogan has given a simple model 

for homgeneous nucleation of phase in the small supercooling limitr6. In this model the 

nucleation rate per unit volume is assumed to be of the form 

p(T) = CPe-s(=), (5a) 

where S(T) = a (&) is the nucleating action, C is an unimportant scale factor of 

order unity and a is a monotonically increasing function of temperature. Integrating the 

nucleation rate through the epoch of bubble coalescence (the end of the phase transition) 

and assuming that the bubble walls move at the speed of light yields an estimate of the 

time required for bubble coalescence, expressed here se a fraction 6 of the Hubble time 

H-1, 

6= (4Bh(y))-‘; WI 

where I3 is the logarithmic derivative of the nucleating action S, in units of the Hubble 

time at the epoch of the phase transition and has been argued to be of order unityr6. 

The scale 6 results from the comparison of a rapid nucleation rate and the very slow 
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gravitational expansion of the universe. In this limit most bubbles will be of size 6H-* 

at coalescence. This is because larger bubbles would have to have been nucleated early, 

near T,, where the nucleation rate is exponentially small, and smaller bubbles would have 

to be nucleated near the end of the phase transition where the effective nucleation rate is 

again small since very little unbroken phase remains. Subsequent to the phase transition, 

gravitational interactions may modify the effective fluctuation scales by a&cting mergers 

or fragmentation of bubble walls 1,2-3J’.The distribution of bubble sizes at coalescence 

and the extent to which the resulting structure resembles a lattice or tessalation will be 

discussed elsewhere’r 

IV. Bubble Wall Motion and Neutrino Density Fluctuations 

The Colemanr4 picture in which the bubble walls rapidly accelerate to the speed of 

light is strictly true only in the T = 0 limit. In the late phase transitions we consider 

here the neutrinos are massless on one side of the phase boundary and massive on the 

other. Energy and momentum conservation then require that the speed of the bubble wall 

associated with the phase boundary be less than the speed of light. This does not greatly 

effect the analysis of the mean bubble size discussed above”j, so long as the wall moves 

near the sound speed. Were the wall to move considerably more slowly than this the mean 

bubble size will differ from that given in equation(5b). The fluid velocities on either side 

of the wall can, in principle, be found from analyses of relativistic shocks and detonation 

waves18Jg,20 in the extreme limit where the neutrinos constitute an equilibrated fluid. We 

can, however, identify two relewmt regimes: tist where neutrinos in the broken phase are 
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nonrelativistic and could dominate the universe; and the second where neutrinos may be 

relativistic in both phases. 

Where neutrinos in the broken phase are nonrelativistic the bubble wall will resemble 

a detonation front moving into a collisionless-relativistic fluid, and leaving behind a non- 

relativistic fluid of neutrinos which may dominate the mass-energy. If the weak interaction 

had the lepton number violating character of the triplet majoron model then, as discussed 

above, the broken phase would consist of the lightest neutrino or coupling-boson. In this 

case, discussed in reference 8, neutrino domination could occur only in the unlikely situa- 

tion where the ve is the lightest neutrino, with a closure mass of order 15 eV to 40 eV. Not 

only is this mass range for the V, potentially subject to experimental elimination”, but 

the triplet majoron model would be incapable of producing a neutrino with closure mass if 

the temperature is T, 5 1 eV ( see equation 1 ). We emphasize that this unlikely scenario 

is peculiar to the triplet majoron model alone and will not characterize the extensions of 

the standard model of the weak interaction which we require in this paper. For instance, a 

weak interaction model which retains the “strong ” w-scattering cross sections but where 

flavor changing reactions are either absent or of normal weak interaction strength, i.e. 

insignificant, could allow the Y, to dominate with a mass in the range required for clo- 

sure. This is obviously a more viable scenario from the standpoint of schematic models of 

neutrino mass hierarchies’r. 

Although there is no direct experimental evidence for massive neutrinos, there are 

suggestions that neutrino mass could play a role in the solution of several problems in 

astrophysics. Notable amoung these are the solar neutrino problem2’ and the missing- 
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mass/dark-matter problem. The Z”-width experiment has greatly narrowed the field 

of dark-matter particle csndidatesg, underscoring the importance of neutrinos. Particle 

physics models and MSW-mixing schemes for the solution of the solar neutrino problem 

suggest that the v,, or vr are likely the most massive neutrinos, and therefore the best 

candidates for a closure mass neutrino. 

In the limit where the mass of neutrinos change discontinuously at the phase boundary 

there are two effects which may act to concentrate neutrinos and, hence, mass. First the 

increase in mass at the phase boundary means that neutrinos striking the wall from the 

unbroken medium may have an appreciable probability to bounce back into the unbroken 

medium22. The wall will then tend to push neutrinos ahead of it, and this enhanced 

density will be preserved when the walls collide. Furthermore, since the neutrinos will 

interact strongly with the wall, and the broken medium behind it, they will decelerate 

when they finally are overtaken by, or otherwise cross, the wall. This implies that the 

neutrino density will be enhanced immediately behind the wall in the broken phase. We 

call this process the “flypaper” effect, although of course neutrinos could move both ways 

across the phase boundary. 

In the limit where the wall moves sufficiently slowly an estimate of the neutrino density 

jump across the wsll can be made from detailed balance: equating the fluxes across the 

wall in both directions yields a rough neutrino concentration factor of at least order the 

neutrino velocity ratio, r-r X (2T/my)- 1’2. In fact the concentration factor will be 

larger than this when proper account is taken of energy and momentum conservation at 

the phase boundary. In the hydrodynamic limit for the neutrino gases, the wall would 
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resemble a detonation front where relativistic neutrinos are converted to a nonrelativistic 

fluid. The Chapman-Jouget condtion would apply in this case so that the velocity of the 

fluid behind the front would be the sound speed. The neutrino density in such a model 

would be enhanced in a thin layer behind the front by a factor that depends on the ratio 

of the upstream and down stream fluid velocities, and which could be large. The strict 

hydrodynamic limit is unlikely to apply here, however, because the neutrinos upstream 

of the wall are collisionless, and the mean free paths of neutrinos in the broken medium, 

though small, may still be large compared to the thin enhanced-density zone length scale ( 

or maybe even the rarefaction zone scale) one would calculate in the hydrodynamic limit. 

One can get an idea of the “hydrodynamic ” concentration factor by taking account 

of the diffusion of neutrinos away from the front into the broken medium and the resultant 

lower limit on the length scale of the density-enhanced region. The concentration factor, 

r-l, will be larger than the ratio of the bubble size to the neutrino diffusion length in a 

coalescence time: rp-’ > (c~H-‘/X)“~. This will be adequate for our subsequent analysis 

because all we really need to know is that the fluctuations will be in the nonlinear regime, 

corresponding to r-r 2 1. 

If the mass in the horizon ( neutrino dominated ) is Mt; then the mass in the shells 

produced at the end of the phase transition will be A&&, where, 

M’ hb6le x 362 (-.k& ,.-I, 
ML 

where w is the width of the enhanced density region when the walls collide. If most of the 

wall’s width is due to diffusion, as argued above, then 

. (6b) 



If neutrinos or baryons are subsequently accreted on these structures then the relevant 

mass scale of the fluctuations, for the purpose of comparison with structures at the present 

epoch, would be just the total mass enclosed in radius 6H-’ so 

M” bubble 

Mt; 

x 63r-‘. 

We caution that gravity may significantly alter the bubble geometries between the end 

of the phase transition and the present epach, as previously explained, so that it is not 

clear what value of 6 to employ in equation(6c). A reasonable range for 6 would be 

10m6 5 6 < 10e3 so that lO’M@ 5 M[ubarc _ < 1013Mo, where we have assumed a value of 

r-’ consistent with the triplet majoron model value in equation(4). The lower mass limit in 

this range comes from the demand that the neutrino diffusion length in a coalescence time 

is much less than H-‘, so that we are safely in the’diffusive limit in the broken phase during 

the phase transition. In the case of the triplet majoron model this constraint would mean 

that 6 > > 10-26g-4 (5). The upper limit on the bubble mass range is set by the demand 

that the fluctuation not perturb the temperature of the cosmic microwave background 

radiation by more than $? < 10-s. An upper bound on the induced anisotropy for a 

spherical fluctuation due to differential red-shift/blue-shift is’ 

where G is the gravitational constant, p the mass density and 1 a typical size scale for the 

fluctuation. However, if the fluctuations are shells then the upper limit on the mass of the 

bubbles is considerably relaxed so that, in principle, Mbmbble could encompass the largest 

structures in the universe, M Y lO’*M~, corresponding to 100 megaparsecs at the present 
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epoch. We note, however, that this would require a significant increase in the effective 

6 over the nucleation scale of equation(5b). This increase would have to be affected by 

gravitational processes23. 

We could extend this discussion to phase transitions with T, > 1 eV, but we would 

need to make several modifications in the calculation of the expected cosmic background 

radiation perturbations. These perturbations would be considerably larger than in the 

post-photon-decoupling case. Additionally the phase transition treatment would have to 

be modified to account for relativistic neutrinos in each phase, though the magnitude of 

the neutrino concentration effect would be comparable. 

V. Conclusions 

In conclusion, we have extended the work of Welt and Silk* to include the effects 

of phase seprartion induced by a first order phase transition associated with the epoch 

when neutrinos acquire masses and, possibly, extra interactions. Of course the paradigm 

model for the weak interaction used in previous studies, the triplet majoron model, is 

incorrect. Nevertheless we have demonstrated that extensions of the standard model of 

the weak interaction in which neutrinos have mass and additional interactions may lead 

to nonlinear perturbations in the spatial distribution of neutrinos. If particle physicists 

find such a model then it may have important implications for the production of structure 

in the universe, because if the phase transition which generates the fluctuations occurs 

after the photons decouple then induced cosmic microwave background perturbations will 

be below present observational bounds over a wide range of mass scales. Finally, if the 

current Ga-solar-neutrino-experiments do suggest an MSW neutrino oscillation solution 
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to the solar neutrino problem, then new physics involving neutrino flavor-mixing will be 

indicated. Perhaps such new physics will involve enhanced Yv-interactions or late phase 

transitions. 

ACKNOWLEDGEMENTS 

We would like to acknowledge useful discussions with S. Dimopoulos, C. Hill, J. Peebles, 

M. Turner, and J. Valle. We would like to thank the Aspen Center for Physics where some 

of this work was performed. This work was partially supported by NSF grant PHY- 

8914379 and IGPP grant LLNL 90-08 at UCSD, by NSF grant AST 88-22595 and NASA 

grant NAGW 1321 at the University of Chicago, and by NASA grant NAGW 1340 at the 

NASA/Fermilab Astrophysics Center. 

13 



REFERENCES 

‘C. T. Hill, D. N. Schramm, and L. Widrow ,Procedings of the Recontre de Moriond, ed. 

J. Tran Thanh Van (1990); C. Hill, D. N. Schramm, and J. Fry Comm. Null. Part. Phjs. 

19,25 (1989).&e also A. Stebbins and M. Turner Ap. J 339,113 (1989); L. Ozernoy, Los 

Alamos preprint LA-UR-89 , submitted to Nature; J. R. Primack and M. A. Sher, Nature 

228, 680 (1980). 

‘W. Press, B. Ryden, and D. Spergel, Ap. J. 397,590 (1989). 

31. Wasserman, Phys. Rev. Lett. 57, 2234 (1986). 

*cf. S. J. Warren, P. C. Hewett, P. S. Osmer, and M. J. Irwin, Nature 330,453 (1987); See 

also A. Dressier Ap. J. 329, 519 (1988); A. Yahil in Large-Scale Motions in the Universe 

eds. V. C. Rubin and G. V. Coyne ( Princeton Univ. Press, Princeton ), 219 (1988). See 

also V. De Laparent, M. Geller, and J. Huchra, Ap. J. 302, Ll (1987); M. Geller and J. 

Huchra Science 246, 897 (1989). 

sT. J. Broadhurst, R. S. ElIis, D. C. Koo, and A. S. Szalay, Nature 343, 726 (1990). 

‘H. Ku&i-Suonio, G. J. Mathews, and G. M. Fuller, Ap. J. Lett. 356,15 (1990). 

‘G. B. Gelmini and M. Roncadelli, Phys. Lett. 99b, 411 (1981); H. Georgi, S. L. Glashow, 

and S. Nussinov, Nud. Phys. B193, 297 (1982). Th e f amilon model is closely related to 

the majoron models, see B. Grinstein, J. Preskil, and M. B. Wise, Phys. Lett. 159B, 57 

(1985). 

‘G. welt and J. Silk, Phys. Lett. 192B, 65 (1987). 

*ALEPH, DELPHI, L3, OPAL, and MARK II reports in Proceedings of the International 

High Energy Physics Conference, Singapore (1990). 



“J. Valle, preprint (1989) and private communication. 

‘*See the review of neutrino properties and theories in P. Langacker, in “Neutrinos” , ed. 

H. V. Klapdor ( Springer, Berlin), 71 (1988). 

12G. M. Fuller, R. Mayle, and J. Wilson, Ap. J. 332, 826 (1988). For a discussion of 

general astrophysical constraints on neutrino properties see M. Turner, G. Steigman, and 

L. Krauss, Phys. Rev. Lett. 52, 2090 (1984);E. Kolb, D. Schramm, and M. Turner in 

Neutrino Physics, ed. K. Winter ( Cambridge Univ. Press, Cambridge), 1 (1990). 

13D. 0. Caldwell, R. M. Eisberg, D. M. Grumm, M. S. Witherell, F. S. Go&ding, and A. 

R. Smith UCSB preprint UCSB-HEP-87-3. 

14S, Coleman, Phys. Rev. D15, 2929 (1977). 

15E. Witten, Phys. Rev. D30, 272 (1984). 

laC. Hogan, Phys. Lett. 133B, 172 (1983). 

rrG. M. Fuller and B. S. Meyer, in preperation (1990). See also ref. 23. 

**P. J. Steinhardt, Phys. Rev. D25, 2074 (1982). 

lgL. D. Landau and E. M. Lifschitz ‘(Fluid Mechanics ” ( Pergamon Press, London 1959). 

20G. Lasher Phys. Rev. Lett. 42, 1646 (1979). 

21cf. J. N. Bahcall and R. K. Ulrich Rev. Mod. Phys. 54,767 (1982) for a synopsis of the 

solar neutrino problem. MSW mixing solutions are discussed in S. P. Mikheyev and A. Yu. 

Smirnov, Nuovo Cimento BC, 17 (1986); L. Wolfenstein Phys. Rev. D1’7, 2369 (1978); 

H. A. Bethe Phys. Rev. Lett. 56, 1305 (1985); W. C. Haxton Phys. Rev. Lett. 57, 

1271 (1986). Recent results of the Soviet-American-Gallium-Experiment were reported in 

a seminar at the PANIC meeting, Boston 1990. 



22A. G. Cohen, D. B. Kaplan, and A. E. Nelson, preprint NSF-ITP-SO-85 (1990). 

23E. P. T. Liang, Ap. J. 216,206’(1977); E. P. T. Liang, Ap. J. 230,325 (1979). See also 

related articles on explosive processes and gravitational modification of structure in P. J. 

E. Peebles, Pbys. Rev. Dl, 397 (1970); J. Ostriker and L. Cowie, Ap. J. Lett. 243, L127 

(1980); J. Ostriker and C. F. McKee,Rev. Mod. Phys. 60,l (1988); J. Ostriker and M. J. 

Strassler, Ap. J. 336, 579 (1989); J. Ostriker, C. Thompson, and E. Witten, Phys. Lett. 

B180 231 (1986). 


